Electropolymerization of thiophene-3-boroles was successfully carried out in the presence of BF 3 -OEt 2 as roles of supporting electrolyte and lowering their oxidation potentials. The obtained polythiophenes having borole moieties showed broadening energy band due to the extended conjugated system via the borole side chain.
Introduction
Because the properties of aromatic organoboron compounds are particularly attractive due to the existence of vacant p-orbital, synthesis of the conjugated polymers including boron atom have been developed. 1 The incorporation of an electron-deficient property of boron atom into organic O-conjugated frameworks leads to universal applications. Recently, there is strong interest in the synthesis of the borole-based O-conjugated compounds as potential materials with unique optical and electrochemical properties for sensor, electrochromic device and organic field effect transistor.
2
Both dioxa-borole 2a,2b and diaza-borole 2c,2d compounds show the extension of conjugated systems and the characteristic properties derived from the boron atom as the electron poor moiety and the dioxa-and diaza-groups as the electron rich moiety. O-Conjugated borole polymers are easily obtained through a polycondensation of boronic acids with oxigen-nucleophile. 2a So far, we have focused the borole polymers to expect low band gap and broadening energy band properties. In our previous report, the polymer having benzodiazaborole moieties exhibits the extension of conjugated system and the weak charge transfer interactions. 3 Although, electrochemical synthetic methods of the boron polymers have been reported, the variations of boron-substituted monomers have been limited so far. 4 This reason is that the electrooxidation of the arylboronates is very difficult due to the high oxidation potentials and very low currents on anode. 5 For instance, electropolymerization of aniline-3-boronic acid with originally low oxidation potential was demonstrated for the formation of a reactive polymer thin film.
4b,4c Alternatively, electropolymerization of oligothiophenes having borole moieties, the existence of aromatic spacer between thienyl unit and boron atom, is also demonstrated (Scheme 1: top). 3,4d,4e In these studies, O-conjugated polymer including boron atoms have successfully been obtained without side reactions. On the other hand, more simple and considered boron-substituted thiophene monomers, thiophene-3-boroles (Scheme 1: bottom) have not been reported. Here, we report the synthesis of the poly(thiophene-3-borole)s via electropolymerization.
Experimental Section

Materials
All reagents and solvents were purchased from commercial sources. ITO electrode was used as received. Other electrodes were polished with Al 2 O 3 before use.
General electropolymerization
Electropolymerization of a thiophene-3-borole (10 mM) was carried out by a cyclic potential-sweep method [¹0.8 to 1.3 V (vs. Ag/Ag + )] in an undivided cell containing an electrolytic solution equipped with an ITO working electrode for UV-vis absorption measurements or a platinum wire working electrode for cyclic voltammetry (CV) measurements, a platinum wire counter electrode, and a silver wire as a reference. The deposited polymer on the working electrode, which was dedoped at ¹0.2 V, rinsed with acetonitrile/chroloform, and dried under reduced pressure.
Measurements
UV-vis spectra were obtained on a Shimadzu UV-1650 spectrometer. Linear sweep voltammetry (LSV) and CV measurements were recorded on an HOKUTO DENKO HABF501.
Results and Discussion
The UV-vis absorption spectra of thiophene (T) and thiophene-3-boroles are displayed in Fig. 1 . The spectrum of thiophene-3-boronic acid pinacol ester, TBpin, showed slightly red-shifted absorption maximum at 251 nm compared with that of T. This is due to the extention of conjugation between the thiophene and the boron atom of TBpin. Moreover, the absorption spectrum of thiophene-3-boronic acid catecol ester, TBcat, exhibited two characteristic absorption bands centered at 246 and 272 nm. The absorption peak at 246 nm is believed to correspond to the transition of both the thiophene and the benzene rings. On the other hand, the red-shifted absorption peak at 272 nm is due to the extended conjugation via the dioxaborole linkage. Lavigne reported the extension of conjugated system of poly(dioxaborole) based on the flat dioxaborole structure. 2a Furthermore, the absorption spectrum of thiophene-3-benzodiazaborole, TBaza, also exhibited two absorption bands centered at 246 and 293 nm. The absorption band of TBaza at 293 nm showed lower energy state than that of TBcat. The better conjugated connection through B(p)-N(p) of diazaborole was observed compared with B(p)-O(n) of dioxaborole.
LSV measurement of TBpin was conducted to clarify the possibility of electropolymerization [ Fig. 2(a) ]. A three electrode system equipped with the indium tin oxide (ITO) coated glass substrate (working electrode), platinum counter electrode and Ag as a reference electrode was used in an electrolytic solution of acetonitrile containing 0.1 M tetraethylammonium tetrafluoroborate, Et 4 NBF 4 . The low current onset oxidation potential (E onset,ox ) of 0.05 M TBpin is evident at 1.80 V (vs. Ag/Ag + ). TBpin was not polymerized in spite of several trials under various conditions.
To decrease the oxidation potential of TBpin, trifluoroboratediethylether complex (BF 3 -OEt 2 ) was used as electrolytic solution. 6 In Fig. 2(a) , the current response for oxidation of TBpin in BF 3 -OEt 2 showed at 0.84 V (vs. Ag/Ag + ). The BF 3 -OEt 2 in doping process during electropolymerization facilitates oxidative coupling by lowering the aromatic resonance energy and promoting the abstraction of an electron from the most electron rich position in the aromatic ring.
Figure 2 (b) shows the result of potential-sweep between ¹0.8 and 1.3 V using ITO working electrode. In this case, electropolymerization of TBpin successfully proceeded to deposit a red colored thin film on the ITO electrode. The obtained polymer (PTBpin) film was dedoped at ¹0.2 V, washed with acetonitrile/ chroloform and dried under reduced pressure. Figure 3 displays the results of LSV measurement of TBcat and TBaza. These monomers showed electrochemical responses for oxidation in 0.1 M Et 4 NBF 4 /acetonitlile. However, both monomers were not polymerized on several trials without BF 3 -OEt 2 . TBcat and TBaza were insoluble in BF 3 -OEt 2 . Therefore LSV measurements of both monomers were carried out in BF 3 -OEt 2 /acetonitrile (1.0/ 2.0 vol) solution. Both the LSV curves showed the decrease of their oxidation potential and good currents on working electrode. When potential-sweep electropolymerization of both TBcat and TBaza was carried out in BF 3 -OEt 2 /acetonitrile (1.0/2.0 vol) solution applied between ¹0.8 and 1.3 V, bluish dark brown colored PTBcat film and black colored PTBaza film were obtained, respectively. However, the monitored currents did not increase after one cycle.
CV measurements are conducted to clarify the electrochemical properties of O-conjugated polymer films. PTBpin showed the onset reduction potential at ¹1.02 V (vs. Ag/Ag + ), while unfunctional polythiophene, PT, was found at ¹1.42 V (vs. Ag/Ag + ) [ Fig. 4(a) ]. Furthermore, in comparison with PT, the oxidation potential of PTBpin was found to be slightly higher due to the electronwithdrawing effect of boron atom (plain arrow). Interestingly, band gaps of PTBcat and PTBaza films showed narrower values than that of PTBpin [ Fig. 4(a) ]. Onset reduction potentials of PTBcat and PTBaza films showed at ¹0.68 and ¹0.98 V, respectively. Lower potential of TBaza than that of TBcat is due to the existence of boron combined with electron-rich nitrogen (bold arrow). Two oxidation were observed in the case of PTBcat and PTBaza which is derived from the thiophene main chain (bold arrow) and the side (a) (b) Electrochemistry, 81 (5), 340342 (2013) chains (dashed arrow). These experimental aspects strongly support the formation of the desired polythiophenes and show the potential low band gap conductors. Figure 4( b) showed the absorption spectra of the polythiophene films. The dedoped polymer film (PTBpin) showed the absorption maximum at 465 nm, the value of which was similar to that of the absorption maximum of PT thin film. Broaden transition band of PTBpin compared with the band of PT is due to the twisted configurations derived from head-to-head and head-to-tail skeletons. In the absorption spectra of both PTBcat and PTBaza films, broaden absorption band between 300800 nm appeared, which is derived from electronic communication between the polythiophene segment and the bulky side chain [ Fig. 4(b) ].
Conclusion
We have presented here the electropolymerization of thiophene-3-boroles. Under general conditions, electropolymerization of thiophene-3-boroles did not occurred due to the high oxidation and low current. However, successful polymerization of the aryl borole monomers was successfully achieved in the presence of BF 3 -OEt 2 as roles of supporting electrolyte and lowering their oxidation potentials. The obtained polythiophenes having borole moiety showed broadening energy band derived from extended conjugated system via the borole side chain.
